An analytical method for the profiling and quantitative determination of carotenoids in bacteria is described. Exhaustive extraction of the pigments from four selected bacterial strains required treatment of the cells with potassium hydroxide or liquefied phenol or both before the addition of the extracting solvent (methanol or diethyl ether). The carotenoids in the extracts were separated by nonaqueous reversed-phase liquid chromatography in conjunction with photodiode array absorption detection. The identity of a peak was considered definitive only when both its retention time and absorption spectrum, before and after chemical reactions, matched those of a reference component. In the absence of the latter, most peaks could be tentatively identified. Two examples illustrate how in the analysis of pigmented bacteria errors may result from using nonchromatographic procedures or liquid chromatographic methods lacking sufficient criteria for peak identification. Carotenoids of interest were determined quantitatively when the authentic reference substance was available or, alternatively, were determined semiquantitatively.
Carotenoid-containing bacteria and fungi are of considerable academic (11) and industrial (20) interest. Much literature has appeared on the isolation, purification, and identification of microbial carotenoids (11, 16) . In contrast, few reports have dealt with the routine small-scale determination of these pigments in fungi and bacteria. Some recent studies on the biotechnological potential of carotenoid-producing microorganisms continue to use spectrophotometry as a tool to monitor improvements in pigment yield in relation to, e.g., environmental factors (7, 26, 27) . However, nonchromatographic procedures fail to detect qualitative changes in the pigment pattern and are also subject to interferences, e.g., from colored medium components adsorbed on the cells (26) .
Despite the popularity of high-performance liquid chromatography in the carotenoid area (29) , the application of this technique to the analysis of pigmented bacteria and fungi has been limited so far. Of the few existing methods (10, 12, 15, 19, 28) , only three involve a quantitative determination, one of fungal (19) and two of bacterial (15, 28) carotenoids. However, none addresses the issue of exhaustive pigment isolation. Most high-performance liquid chromatography systems reported for the separation of bacterial and fungal carotenoids employ normal-phase chromatography (10, 12, 15) , which is more subject to variability than reversed-phase chromatography. Peak identification is sometimes only based on one criterion, i.e., cochromatography of unknowns with authentic reference substances (19) . More often, absorption spectra of collected peaks are also determined to confirm their identity, either off-line in a spectrophotometer (15, 28) or on-line by a manual wavelength-ratioing procedure (10) . A more modern approach would consist of recording the absorption spectra with the aid of a photodiode array detector. The potential of this powerful technique for the identification of carotenoids in general has been outlined by Ruedi (29) . Applications include the pigment profiling of Artemia (24) , algae (17) , orange juice (8) , vegetables (13, 14) , and palm oil (25) MATERIALS AND METHODS Chemicals and reagents. Canthaxanthin, echinenone, isozeaxanthin, and isocryptoxanthin were gifts from HoffmannLa Roche (Basel, Switzerland). p-Carotene was obtained from Fluka (Buchs, Switzerland); lycopene was from Sigma Chemical Co. (St. Louis, Mo.). Acetonitrile (Janssen Chimica, Beerse, Belgium) and methanol and dichloromethane (both from Hoechst AG, Frankfurt, Federal Republic of Germany) were chemically pure. The latter two were redistilled in a spinning band apparatus (B/R Instruments, Pasadena, Md.). All other chemicals were analytical grade and purchased from E. Merck AG (Darmstadt, Federal Republic of Germany) or Janssen Chimica. Bond Elut Alumina N (neutral) minicolumns (500 mg, 2.8 ml) were obtained from Analytichem (Harbor City, Calif.). Liquefied phenol was prepared by adding water (8 parts) to molten phenol (92 parts).
Bacterial strains and growth conditions. Brevibacterium sp. strain KY-4313 was a gift from T. Oka (Kyowa Hakko Kogyo Co., Tokyo, Japan). It was maintained on brain heart infusion agar (Oxoid Ltd., Basingstoke, United Kingdom). Mass cultures were carried out at 30°C in 500-ml shake flasks containing 100 ml of hydrocarbon medium as described previously (36) or, alternatively, in brain heart infusion broth (21) .
Rhodobacter capsulatus (ATCC 23782) and Rhodomicrobium vannielii (ATCC 17100) were obtained from the American Type Culture Collection (Rockville, Md.). Growth conditions for these strains have been described previously (6, 34, 35 For the isolation of the carotenoids from the three other species, cells (about 10 mg) were directly treated with 0.4 ml of liquefied phenol and extracted with 3 ml of methanol. In general, two to three steps were required to ensure complete bleaching of the residue. Potassium hydroxide (3 ml; 60%, wt/vol) was added to the combined extracts, and the mixture was left at room temperature for 2 h, except for the extract of M. roseus, which was worked up immediately. After the addition of 6 ml of sodium chloride (5%, wt/vol), the pigments were reextracted in 10 ml of diethyl ether. The ethereal extract was further treated as described above for Brevibacterium sp. strain . Canthaxanthin and ,-carotene were used as internal standards for the semiquantitative analysis of Rhodobacter capsulatus and Rhodomicrobium vannielii, respectively.
(ii) Bacteria grown in hydrocarbon medium (Brevibacterium sp. strain KY-4313). After growth of Brevibacterium sp. strain KY-4313 in hydrocarbon medium, the fermentation broth readily separated into a lower aqueous layer and a hydrocarbon (paraffin) top layer containing the cells. Water was removed as completely as possible by vacuum aspiration and centrifugation. The resulting paste, corresponding to approximately 300 to 400 mg of dry cells, was extracted twice with 15 ml of a mixture of diethyl ether-methanol (1:1, vol/vol). The cells were subsequently treated with 1.5 ml of liquefied phenol and extracted with 15 ml of diethyl ether until complete bleaching of the residue. All extracts were combined in a 100-ml volumetric flask brought to volume with diethyl ether. A 2-ml sample was supplemented with the internal standard (,-apo-8'-carotenal), 1 ml of methanol was added, and the solution was concentrated to about 1 ml under nitrogen to remove all the diethyl ether. Hexane (5 ml) and 4 ml of potassium hydroxide (2%, wt/vol) were added, and the mixture was shaken to extract the carotenoids. The hexane layer was dried over sodium sulfate and applied on top of a Bond Elut Alumina N minicolumn preequilibrated with hexane. After being washed with hexane to remove all paraffin, the retained carotenoids were eluted with diethyl ether. The eluate was evaporated to dryness, and the residue was reconstituted with 2 ml of the chromatographic solvent. A 100-.lI sample was injected on the liquid chromatographic column.
(iii) Recovery of pigments. The recovery o,f pigments was considered to be complete when, after repeated treatment of the cells with the extracting agent(s), the cellular residue and the supernatant had become visually colorless and when at the same time the use of alternative extraction procedures no longer resulted in a detectable chromatographic peak. To compare the efficiency of different extraction procedures, we determined the pigments in the extracts either quantitatively (see below) or semiquantitatively (i.e., by spectrophotometry). The highest value obtained was arbitrarily set at 100%, and all other results were referred to this maximum value.
Liquid chromatography. (i) Apparatus and chromatographic conditions. The high-performance liquid chromatography system consisted of a pump (5020; Varian, Palo Alto, Calif.), an injector (N 60; Valco, Houston, Tex.) fitted with a 100-,ul loop, a photodiode array detector, and an integrator (SP 4100; Spectra-Physics, San Jose, Calif. For peak identification, the retention times of unknown peaks were compared with those of reference substances. The absorption spectrum of each peak was recorded and memorized with the aid of an HP 1040 A photodiode array detector, connected to an HP 9121 dual disk drive and an HP 7470 A plotter (all from Hewlett-Packard Co., Palo Alto, Calif.).
(ii) Quantitation of carotenoids. When authentic reference substances were at hand (e.g., canthaxanthin, echinenone, n-carotene), quantitation was based on the measurement of peak height ratios (compound of interest versus internal standard). Calibration curves were constructed by plotting peak height ratios versus known amounts of the compound to be determined.
In the absence of a reference substance, a semiquantitative determination was done with a structural analog of the (tentatively identified) compound of interest. In this case, peak area ratios (compound of interest versus internal standard) were used which were corrected for differences in the molar absorption coefficient (literature values [4] ) of the compound of interest and the analog, respectively. All major peaks in Fig. 1 through 3 could be tentatively or definitively identified on the basis of their absorption spectra and comparison with reference components. The principal pigments of Brevibacterium sp. strain KY-4313 were found to be canthaxanthin (peak 1), echinenone (peak 4), and 13-carotene (peak 5) (Fig. 1) (24) . After reduction on a microscale of the ketocarotenoids all-trans-canthaxanthin and echinenone with lithium aluminum hydride (H. J. Nelis and A. P. De Leenheer, manuscript in preparation), two more polar peaks were obtained which had the same retention time and absorption spectra ('max of 453 and 478 nm in both cases) as the predicted reaction products, isozeaxanthin and isocryptoxanthin, respectively.
The reported occurrence of spheroidene and spheroidenone in Rhodobacter capsulatus (31) was tentatively confirmed on the basis of the elution position and the absorption spectra (Fig. 5 ) of the two peaks in Fig. 2A . Unfortunately, no synthetic reference components could be acquired for these carotenoids. Because of the possible biotechnological interest of spheroidenone, attempts were made to increase the cellular level of this valuable red pigment by changing the growth conditions of the organism. Some of these attempts were successful in that spheroidenone (plus some cis isomers) indeed came to supersede spheroidene (Fig. 2B) change which was reflected in a deep red appearance of the cells. Iron deficiency in the growth medium likewise led to intensely red cells but yielded a totally different carotenoid profile (Fig. 2C ). All peaks now displayed spectra quite different from the typical ketocarotenoid spectrum of spheroidenone. The absorption spectrum of peak 4 is shown in Fig. 5 . Absorption maxima of the other peaks were 448, 475, and 506 nm (peaks 5 and 6) and 418, 443, and 473 nm (peak 7). These unknown peaks were not further characterized. Figure 3 and Table 2 show how peaks in a more complex carotenoid profile originating from Rhodomicrobium vannielii could still be tentatively identified in the absence of reference compounds. Only one peak (peak 8) was definitively characterized (as lycopene) according to the criteria outlined above. Identification of the other peaks was tentative based on their absorption spectra, retention behavior, and established pigment patterns reported in the literature (1, 31) ( Table 2 ). The absorption spectra of the major peaks closely matched the literature data for the various carotenoids reportedly occurring in Rhodomicrobium vannielii (Table 2) . Moreover, the resulting elution sequence was consistent with the relative polarity of the peaks with reference to lycopene, as expressed by their respective partition coefficients (hexane-95% methanol) (Table 2) (9).
In contrast, the experimentally obtained pigment pattern of M. roseus did not agree at all with the one repeatedly reported by one particular research group (2, 3, 32, 33, 38) . The claim that this species contains canthaxanthin as the predominating carotenoid could not be substantiated. Only a small fraction of the orange color of the cells proved extractable with methanol, the solvent recommended by Cooney and co-workers (2, 3, 38). Exhaustive pigment extraction was achieved with phenol-methanol, but upon alkalinization and addition of diethyl ether, the bulk of the pigment accumulated at the interface of the two phases. Attempts to chromatograph these acidic carotenoids have been unsuccessful so far. The occurrence of astacene was ruled out by using a liquid chromatographic system specially designed for this compound (23) . The chromatographic profile of the carotenoids that did partition into diethyl ether is shown in Fig. 4 . It was similar to the one obtained after (incomplete) extraction with pure methanol, indicating that the phenol had left the pigments essentially untouched. Although peak 1 (Fig. 4A) coeluted with all-trans-canthaxanthin (Fig. 4B) , its absorption spectrum was totally inconsistent with this structural assignment (Fig. 6) . None of the other peaks displayed a symmetrical absorption spectrum without fine structure, typical of ketocarotenoids.
(ii) Quantitative determination. Canthaxanthin (all-trans plus cis) was quantitatively determined in Brevibacterium ) and of authentic all-trans-canthaxanthin (peak 2, Fig. 4B) 
DISCUSSION
The majority of methods for the extraction of carotenoids from bacteria rely on the use of acetone or methanol (1, 3, 7, 12, 15, 28) . However, these polar organic solvents often fail to liberate all pigment (5, 18, 37) , which was confirmed by our own observations. Several investigators included such additives as trichloroacetic acid (5) (9) .
e With the reported pigment pattern (1, 11, 31) 
